We calculate the semileptonic baryon octet-octet transition form factors using a manifestly Lorentz covariant quark model approach based on the factorization of the contribution of valence quarks and chiral effects. We perform a detailed analysis of SU(3) breaking corrections to the hyperon semileptonic decay form factors. We present complete results on decay rates and asymmetry parameters including lepton mass effects for the rates.
I. INTRODUCTION
The analysis of the semileptonic decays of the baryon octet B i → B j eν e presents an opportunity to shed light on the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V us . At zero momentum transfer, the weak baryon matrix elements for the B i → B j eν e transitions are determined by just two constants -the vector coupling F are expressed in terms of basic parameters -the vector couplings are given in terms of well-known Clebsch-Gordan coefficients which are fixed due to the conservation of the vector current (CVC), while the axial couplings are given in terms of the familiar SU(3) octet axial-vector couplings F and D. The Ademollo-Gatto theorem (AGT) [1] protects the vector form factors from leading SU(3)-breaking corrections generated by the mass difference of strange and nonstrange quarks-the first nonvanishing breaking effects begin at second order in symmetry-breaking. As emphasized in Ref. [2] , the vanishing of the first-order correction to the vector hyperon form factors F BiBj 1 presents an opportunity to determine V us from the direct measurement of V us F BiBj 1
. The axial form factor, on the other hand, contains symmetry-breaking corrections already at first order. We note that the experimental data on baryon semileptonic decays [3] are well described by the Cabibbo theory [4] , which assumes SU(3) invariance of the strong interactions. However, for a precise determination of V us one needs to include the leading and very likely also the subleading SU(3) breaking corrections.
The theoretical analysis of SU(3) breaking corrections to hyperon semileptonic decay form factors has been performed in various approaches, including quark and soliton models, the 1/N c expansion of QCD, chiral perturbation theory (ChPT), lattice QCD, etc. (for an overview and references see [5] ). In Ref. [5] we have suggested the use of a quark-based approach, which offers the possibility to consistently include chiral corrections (both SU(3)-symmetric and SU(3)-breaking) to the baryon semileptonic form factors. By matching the baryon matrix elements to the corresponding quantities derived in baryon ChPT we reproduced the chiral expansion of physical quantities (e.g. mass, magnetic moments, slopes and the axial charge of the nucleon) at the order of accuracy at which we worked. In the valence quark calculation of the baryon matrix elements we employed a simple generic ansatz for the spatial form of the quark wave function [6, 7] .
In the present paper we evaluate the baryon matrix elements within a Lorentz and gauge invariant constituent quark model [8, 9] . Note that in Refs. [10, 11] we have studied the electromagnetic properties of the baryon octet and the ∆(1230)-resonance in an analogous approach. In particular, we developed an approach based on a nonlinear chirally symmetric Lagrangian which involves constituent quarks and chiral fields. In a first step, this Lagrangian was used to dress the constituent quarks with a cloud of light pseudoscalar mesons and other (virtual) heavy states using the calculational technique of infrared dimensional regularization (IDR) [12] . Then, within a formal chiral expansion, we evaluated the dressed transition operators relevant for the interaction of quarks with external fields in the presence of a virtual meson cloud. In a next step, these dressed operators were used to calculate baryon matrix elements. (A simpler and more phenomenological quark model based on similar ideas regarding the dressing of constituent quarks by the meson cloud has been developed in Refs. [7] .) In the present paper we improve the quantitative determination of valence quark effects by resorting to a specific relativistic quark model [8, 11] describing the internal quark dynamics. This procedure will allow us to generate predictions for all six form factors showing up in the matrix elements of the semileptonic decays of the baryon octet. With the explicit form factors together with radiative corrections, we present predictions for the corresponding decay widths and asymmetries.
The paper is structured as follows. First, in Section II, we discuss the basic notions of our approach which is directly connected to our previous work in Refs. [5, 10, 11] . That is, we derive a chiral Lagrangian motivated by baryon ChPT [12, 13] , and write it in terms of quark and mesonic degrees of freedom. Using constituent quarks dressed with a cloud of light pseudoscalar mesons and other mesons heavier than the pseudoscalar mesons, we derive dressed transition operators within the chiral expansion, which are in turn used in a Lorentz and gauge invariant quark model [8] explicitly including internal quark dynamics to calculate baryon matrix elements. In Section III we derive specific expressions for the vector and axial baryon semileptonic decay constants, while in Section IV we present the numerical analysis of the axial nucleon charge and the vector and axial vector hyperon semileptonic form factors. Finally, in Section V we summarize our results.
II. APPROACH A. Matrix elements of semileptonic decays of the baryon octet
In Refs. [5, 10, 11] we have developed a Lorentz covariant quark approach which allowed us to study light baryon properties based on the inclusion of chiral effects in a consistent fashion by matching the quark model approach to the predictions of ChPT. In particular, our results for various baryon properties (static properties and form factors in the Euclidean region) derived in [5, 10, 11] using this approach satisfy the low-energy theorems and identities dictated by the infrared singularities of QCD (see, e.g., the detailed discussion in Refs. [5, 10] and a brief overview in Section II C).
The main idea is to include chiral effects in the transition quark operators, which are then sandwiched between the respective baryon states. We have developed a technique which allows us to explicitly generate chiral corrections associated with the small scale λ ∼ m q , where m q is the constituent quark mass, together with effects of the internal dynamics of the valence quarks. In particular, as a first step, we dress the bare valence quark operators by a cloud of pseudoscalar mesons and states heavier than the pseudoscalar mesons in a straightforward manner by the use of an effective chirally-invariant Lagrangian (see the explicit forms in Refs. [5, 10, 11] and the relevant expressions for the calculation of semileptonic form factors below). In particular, the Lagrangian which dynamically generates the dressing of the constituent quarks by the mesonic degrees of freedom, consists of two basic pieces L q and L U :
U + · · · .
The superscript (i) attached to L q denotes the low energy dimension of the Lagrangian:
where the symbols , [ ] and { } occurring in Eq. (2) denote the trace over flavor matrices, commutator, and anticommutator, respectively. In Eq. (2) we display only the terms involved in the calculation of semileptonic vector and axial vector quark coupling constants.
We use the following notation. q, U = u 2 = exp(iφ/F ) are the quark and chiral fields, respectively, where φ is the octet of pseudoscalar fields and F is the octet decay constant, σ µν = i/2[γ µ , γ ν ], u µ = i{u † , ∇ µ u}. D µ and ∇ µ are the covariant derivatives acting on the quark and chiral fields, respectively, including external vector (v µ ) and axial (a µ ) fields,
† is the stress tensor involving v µ and a µ , χ ± = u † χu † ± uχ † u andχ + = χ + − χ + /3 with χ = 2BM + . . ., where B is the quark vacuum condensate parameter and M = diag{m,m,m s } is the mass matrix of current quarks (We work in the isospin symmetry limit withm u =m d =m = 7 MeV. The mass of the strange quarkm s is related to the nonstrange one viam s ≃ 25m).
The parameters m = 420 MeV and g = 0.9 denote the constituent quark mass and axial charge in the chiral limit (i.e., they are counted as quantities of order O(1) in the chiral expansion). C . Also, for the quark LEC's we use the additional superscript "q" to differentiate them from the analogous ChPT LEC's: (2) . For the numerical analysis we will use: M π = 139.57 MeV, M K = 493.677 MeV (the charged pion and kaon masses), M η = 547.51 MeV and F = (F π + F K )/2 in SU(3) with F π = 92.4 MeV and F K /F π = 1.22. Using the Lagrangian (2) we can calculate the semileptonic vector and axial vector quark couplings including chiral corrections following the procedure discussed in detail in Refs. [5, 10, 11] . In Appendix A we list the results for the semileptonic quark couplings f [10, 11] we illustrated the dressing technique in the case of the electromagnetic quark operator. We performed a detailed analysis of the electromagnetic properties of the baryon octet and of the ∆ → N γ transition. In Ref. [5] we extended this technique to the case of vector and axial vector quark operators, deriving master formulae for the calculation of the semileptonic form factors of baryons including the effects of valence quarks together with chiral corrections. Below we briefly review the derivation of these master formulae, which will be the starting point for the present paper.
First, we define the bare vector and axial vector quark transition operators constructed from quark fields of flavor i and j as:
Next, using the chiral Lagrangian derived in Ref. [5] , we construct the vector/axial vector currents with quantum numbers of the bare quark currents which include mesonic degrees of freedom. These currents are then projected on the corresponding (initial and final) quark states in order to evaluate dressed vector f ij k (q 2 ) and axial vector g ij k (q 2 ) (k = 1, 2, 3) quark form factors which encode the chiral corrections. Finally, using the dressed quark form factors in momentum space we can determine their Fourier-transform in coordinate space.
In the one-body approximation the dressed quark operators j dress µ, V (A) (x) and their Fourier transforms J dress µ, V (A) (q) have the forms (for an extension which also includes the two-body quark-quark interactions see Ref. [5] ) where m i(j) denotes the dressed constituent quark mass of the i(j)-th flavor generated by the corresponding chiral Lagrangian (for details see Ref. [10] ); f ij 1,2,3 (q 2 ) and g ij 1,2,3 (q 2 ) denote the quark-level vector and axial vector i → j flavor changing form factors. Up to and including the third order in the chiral expansion, the tree and loop diagrams which contribute to the dressed vector J dress µ, V (q) and axial vector J dress µ, A (q) operators, respectively, are displayed in Figs.1 and 2 of Ref. [5] . In Appendix A we present our results for the semileptonic vector f
couplings at the order of accuracy at which we work -up to order O(p 4 ) in the three-flavor picture including chiral corrections (both SU(3)-symmetric and SU(3)-breaking). For simplicity we restrict our approach to the isospin symmetry limit in our consideration.
In order to calculate the vector and axial vector current transitions between baryons we sandwich the dressed quark operators between the relevant baryon states. The master formulae are:
where B i (p) denotes the baryon state and u Bi (p) is the baryon spinor normalized according to
The baryon energy and its mass are denoted by E Bi = m 2 Bi + p 2 and m Bi . The index i(j) attached to the baryon state indicates the flavor of the quark involved in the semileptonic transition, and F BiBj k (q 2 ) and G BiBj k (q 2 ) with k = 1, 2, 3 are the vector and axial vector semileptonic form factors of the baryons.
The main idea of the above relations is to express the matrix elements of the dressed quark operators in terms of the matrix elements of the bare vector and axial vector quark operators V 
with
Next we specify the expansion of the bare matrix elements (q 2 ) with (l = 1, 2, 3) encoding the effects of the internal dynamics of valence quarks:
Combining chiral effects (encoded in the chiral form factors f , which govern the semileptonic transitions between octet baryons, are defined as:
Note that the operators V (A) ij µ,3 (0) are proportional to q µ , and therefore do not generate contributions to the baryon form factors F . Further simplifications occur when we consider the semileptonic coupling constants of baryons at maximal recoil q 2 = 0. For the couplings encoding valence quark effects we get the following constraints due to Lorentz covariance and gauge invariance:
It is seen that the V 
. Note that this is nothing but the statement of the Ademollo-Gatto theorem (AGT) which asserts that the coupling f su 1 is protected from first-order symmetry breaking corrections.
2) The coupling f du 3 vanishes due to isospin invariance, while the coupling f su 3 starts at first order in SU(3) breaking -f
3) The axial vector couplings g ij 2 are either equal to zero (e.g. the coupling g du 2 governing the d → u transition) or vanish at the order of accuracy that we are working at (e.g. the coupling g su 2 governing the s → u transition). The set of Eqs. (6)-(12) contains our main result: we separate the effects of the internal dynamics of the valence quarks contained in the matrix elements of the bare quark operators V (A) ij µ,k (0) and the effects dictated by chiral dynamics which are encoded in the relativistic form factors f ij k (q 2 ) and g ij k (q 2 ). Due to the factorization of chiral effects and the effects of the internal dynamics of the valence quarks the calculation of the form factors f (g) ij k (q 2 ) which encode the chiral dynamics, on one side, and the matrix elements of V (A) ij µ,k (0) which encodes the effects of the valence quarks, on the other side, can be done independently. The evaluation of the matrix elements V (A) ij µ,k (0) is not restricted to small momenta squared and, therefore, can shed light on baryon form factors at higher (Euclidean) momentum squared in comparison with ChPT. In particular, as a first step, we employ a formalism motivated by the ChPT Lagrangian for the calculation of f (g) ij k (q 2 ) which is formulated in terms of constituent quark degrees of freedom. The evaluation of the matrix elements of the bare quark operators can then be relegated to quark models based on specific assumptions on the internal quark dynamics, hadronization, and confinement. Note that Eqs. (6)- (12) are valid for the calculations of dressed vector and axial vector quark operators of any flavor content. In Ref. [5] we calculated the vector and axial vector coupling constants F In this section we discuss the calculation of the baryonic matrix elements
induced by the bare quark operators (9) . We will consistently employ the relativistic three-quark model (RQM) [8, 9] to compute the matrix elements (14) . The RQM was previously successfully applied to the study of the properties of baryons containing light and heavy quarks [8, 9] . The main advantages of this approach are: Lorentz and gauge invariance, a small number of parameters, and the modelling of effects of strong interactions at large (∼ 1 fm) distances. Various properties of light and heavy baryons in electromagnetic, strong and weak decays have been successfully analyzed within this RQM [8, 9] where the effects of valence quarks have been consistently taken into account. Here we extend this approach to evaluate the effects of valence quarks in the semileptonic decays of the baryon octet. Let us begin by briefly reviewing the basic notions of the RQM approach [8, 9] . The RQM is based on an interaction Lagrangian describing the coupling between baryons and their constituent quarks. The coupling of a baryon B(q 1 q 2 q 3 ) to its constituent quarks q 1 , q 2 and q 3 is described by the Lagrangian
where
is a three-quark current with the quantum numbers of the relevant baryon B [14, 15] . One has
where Γ 1,2 are Dirac structures, C = γ 0 γ 2 is the charge conjugation matrix and a i (i = 1, 2, 3) are color indices. In Appendix B we list the relevant three-quark currents for the baryon octet. The choice of light baryon three-quark currents has been discussed in detail in Refs. [14, 15] .
The function F is related to the scalar part of the Bethe-Salpeter amplitude and characterizes the finite size of the baryon. In the following we use a specific form for the vertex function [8, 9] 
where Φ is the correlation function of the three constituent quarks with masses m 1 , m 2 , m 3 and N = 9 is a normalization factor. With the variable w i defined by
, where
,
w i x i is the center of mass (CM) coordinate. Expressed in terms of the relative Jacobi coordinates and the center of mass coordinate, the Fourier transform of the vertex function reads [8, 9] :
The baryon-quark coupling constants g B are determined by the compositeness condition [8, 9] (see also [16, 17] ), which implies that the renormalization constant of the hadron wave function is set equal to zero:
is the first derivative of the baryon mass operator described by the diagram in Fig.1 , and m B is the baryon mass. To clarify the physical meaning of Eq. (20) we first want to remind the reader that the renormalization constant Z 1/2 B can also be interpreted as the matrix element between the physical and the corresponding bare state. For Z B = 0 it then follows that the physical state does not contain the bare one and is described as a bound state. The interaction Lagrangian Eq. (15) and the corresponding free components describe both the constituents (quarks) and the physical particles (hadrons), which are taken to be the bound states of the constituents. As a result of the interaction, the physical particle is dressed, i.e. its mass and its wave function have to be renormalized. The condition Z B = 0 also effectively excludes the constituent degrees of freedom from the physical space and thereby guarantees that there is no double counting for the physical observable under consideration. In this picture the constituent quarks exist in virtual states only. One of the corollaries of the compositeness condition is the absence of a direct interaction of the dressed charged particle with the electromagnetic and the weak gauge boson field. Taking into account both the tree-level diagram and the diagrams with the self-energy and counter-term insertions into the external legs (that is the tree-level diagram times (Z B − 1)) one obtains a common factor Z B which is equal to zero [17] .
The quantities of interest-the matrix elements (14)-are described by the triangle diagram in Fig.2 
(a). In case of the matrix elements B(p
we need to include two additional so-called "bubble" diagrams in Figs.2(b) and 2(c) which guarantee gauge invariance of the matrix elements (see details in Refs. [8, 9] and [18, 19] ). In particular, the "bubble" diagrams are generated by the non-local coupling of the baryon to the constituent quarks and the external gauge field which arises after gauging of the non-local strong interaction Lagrangian (15) containing the vertex function (17) . In Appendix C we present more details of how to restore gauge invariance in the non-local strong interaction Lagrangian (15) through the "bubble" diagrams in Figs. 
2(b) and 2(c). Note that the contributions of the bubble diagrams Figs.2(b) and 2(c) to the matrix elements B(p
In the present application the bubble diagrams contribute less than 5 % in magnitude compared to the contribution of the triangle diagram in Fig.2(a) .
In the evaluation of the quark-loop diagrams we use the free fermion propagator for the constituent quark [8, 9] :
whereS q (k) = (m q − k−iǫ) −1 is the usual free fermion propagator in momentum space. The appearance of unphysical imaginary parts in Feynman diagrams can be avoided by postulating the condition that the baryon mass must be less than the sum of the constituent quark masses M B < i m qi .
In the next step we have to specify the vertex functionΦ, which characterizes the finite size of the baryons and the internal quark dynamics. In principle, its functional form can be calculated from the solutions of the Bethe-Salpeter equation for baryon bound states [20] . In Refs. [21] it was found that, using various forms for the vertex function, the basic hadron observables are relatively insensitive to the specific details of the functional form of the hadron-quark vertex form factor. Using this observation as a guiding principle, we select a simple Gaussian form for the vertex functionΦ (any choice forΦ is appropriate as long as it falls off sufficiently fast in the ultraviolet region of Euclidean space to render the Feynman diagrams ultraviolet finite). We shall employ the Gaussian form
where k 1E and k 2E are Euclidean momenta and Λ B is a size parameter which parametrizes the distribution of quarks inside a given baryon. In previous papers [8, 9] we have determined a set of parameters for the light baryons
which gives very satisfactory agreement with a wide class of experimental data. Note that most of the results are not sensitive to the actual values of Λ B in the above range. We present some sample results of this approach in Table 1 . These are the magnetic moments of the baryon octet and the nucleon electromagnetic radii generated with m u = m d = 420 MeV, m s = 570 MeV and Λ B = 1.25 GeV. We show the contributions both of the valence quarks (3q) and of the meson cloud. In the present paper we present a corresponding analysis for the semileptonic coupling constants of the baryon octet using this same set of model parameters.
C. Connection with chiral perturbation theory
As stressed earlier, results for the baryon properties obtained using this approach [5, 10] satisfy the low-energy theorems and identities dictated by the infrared singularities of QCD [12] , [13] , [22] - [25] . As a result we can relate the parameters of our approach to those of ChPT. In particular, we have analyzed the chiral expansion of the following properties of the nucleon: mass, magnetic moments, charge radii, the πN σ-term, axial charge and πN N coupling constant in SU (2) . We have also extended our results to SU(3) including kaon and η-meson degrees of freedom.
The results are: 1. Nucleon mass and πN σ-term.
2. Magnetic moments and charge radii.
where r 2 A is the axial mean-square radius,
is the correction [23] to the GoldbergerTreiman (GT) relation [26] which vanishes in the chiral limit (in full equivalence with the prediction of ChPT). Note that the correction ∆ GT is related to the so-called Goldberger-Treiman discrepancy [27] (24)- (28) we use the standard notation for the parameters of the ChPT Lagrangian: M represents the pion mass to leading-order in the chiral expansion, F π is the leptonic decay constant (F is its value in the chiral limit),
• g A and • m N are the axial charge and mass of the nucleon in the chiral limit; l i , c i , d i and e i are the low-energy constants (LEC's) with an overline indicating that the corresponding LEC's are renormalized.
In order to reproduce the above model-independent results we need to fulfill the following matching conditions between the parameters and LECs of the ChPT Lagrangian and our chiral quark-level Lagrangian (for the quark level LEC's we use the additional superscript "q" to differentiate them from the analogous ChPT LEC's) :
. In addition we deduce the following constraints on the form factors encoding valence quark effects: A 
III. RATES AND ASYMMETRY PARAMETERS IN SEMILEPTONIC DECAYS OF BARYONS
In this section we present detailed theoretical expressions [28] - [30] for the decay rates and asymmetry parameters in semileptonic baryon decays.
The decay width is given by the expression [28] Γ(
We have introduced the notation:
The factor δ rad represents the effect of radiative corrections [29] (see Table 2 ), G F = 1.16637 × 10 −5 GeV −2 is the Fermi coupling constant, and m l is the leptonic (electron or muon) mass. For the corresponding CKM matrix elements V CKM = V ud or V us we use the central values from [3] : V ud = 0.97377 and V us = 0.225. Also we assume that the form factors are real.
Next we simplify the master formula (30), integrating over s and including terms up to O(β 7 ) where β = ∆/m Bi is the SU(3) breaking parameter. (In this case the term proportional to G 2 3 can be omitted because it already starts at order O(β 8 ).) Also, we include the momentum dependence of the leading form factors F 1 (s) and G 1 (s) and neglect the momentum dependence of the others. We expand the form factors F 1 (s), G 1 (s) to first order in s:
where r 2 F1 and r 2 G1 are the "charge" radii of the F 1 and G 1 form factors calculated within our approach (cf. the numerical results in Sec. IV). In addition we retain finite lepton masses. These approximations are sufficient for both the n → pe −ν e decay and for the muonic decay modes of hyperons. We also retain terms containing the form factors F 3 and G 3 . Although their effects are proportional to m 2 l they may give a measurable contribution for muonic modes (see also the discussion in Ref. [30, 31] ).
At the order of accuracy to which we work the result for the decay width reads (exact formulas can be found in [29, 30] ):
Here the functions R i (x) take into account the charged lepton mass m l (see their expressions in Appendix D). In the calculation of the asymmetry parameters we restrict ourselves to the electron modes. The expressions for the electron-neutrino α eνe , electron α e , neutrino α νe and emitted baryon α B asymmetries to the order of accuracy at which we are working are given in [29] .
IV. NUMERICAL RESULTS
In this section we present our numerical results for the semileptonic decays of the baryon octet-coupling constants, decay widths and asymmetry parameters. First, we calculate the vector V and A
BiBj i1
are displayed in Tables 3 and 4. In Table 3 , for comparison, we also present the predictions of the naive SU(6) model for the couplings V 
Such a representation is indeed found to hold in our model with the values
for the SU(3) symmetric couplings, and
for the SU(3) breaking terms. The components of δ 
From Eq. (40) 
The SU(3) LEC's from the chiral Lagrangian (2) can now be determined. Three of the four couplings C 
In turn, the couplings C Table 6 ). The latter result underestimates the experimental value −0.327 ± 0.007 ± 0.019. However, this ratio was extracted by neglecting the q 2 dependence of the form factors F 1 and G 1 in the decay Σ − → ne −ν e decay. We find (see the discussion below) that inclusion of the q 2 dependence brings about agreement with the data for both electron and muon decay widths of the decay Σ − → n l −ν l . In Table 7 we present our results for the nonleading baryon semileptonic couplings F 2,3 and G 2,3 . One can see that the pseudoscalar couplings G Table 8 we compare our results for the ratios F : i) with the predictions of the simple Cabibbo model in terms of the nucleon magnetic moments and baryon octet masses, ii) with the calculations performed in the 1/N c expansion of QCD [33] , and iii) with the results found in the SU(3) chiral quark-soliton model (χQSM) [34] . Because of SU(2) invariance, we exactly reproduce the result of the Cabibbo model for the ratio F in neutron β-decay, while for the other modes we find SU(3) breaking deviations. Our result for the ratio F with the results of the 1/N c expansion [33] and with those of the χQSM approach for the remaining semileptonic modes.
Finally, we would like to stress that our results for the various semileptonic couplings of the decay mode Σ − → ne −ν e are in good agreement with the predictions of the lattice approach [35] . In Table 9 we give a detailed comparison with the results of Ref. [35] using our conventions for the semileptonic matrix elements. It is useful to parametrize our predictions for the weak magnetic couplings F 2 in terms of SU(3) symmetric couplings together with first order SU(3) symmetry-breaking parameters. As stressed in Ref. [2] there is an ambiguity in expressing the SU(3) limit that clearly indicates the relevance of the first-order correction. 
Using Eq. (44) one can derive the following sum rules for the amplitudes F BiBj :
(Note that the sum rule (45c) was originally derived in [1] .) When we restrict our calculation to first-order SU(3) breaking terms, we indeed fulfill the sum rules (45) and for the SU(3)-breaking parameters we obtain H 
Next we turn to the discussion of the semileptonic decay widths. We present our results in Table 10 : i) total width Γ including all six couplings F 1,2,3 and G 1,2,3 , leading q 2 dependence of F 1 and G 1 form factors and radiative corrections; ii) predictions Γ(F 1 , G 1 ) are the results without inclusion of the subleading semileptonic form factors F 2,3 and G 2,3 ; iii) predictions Γ(F 1 (0), G 1 (0)) are the total widths without inclusion of the subleading semileptonic form factors F 2,3 and G 2,3 and of the q 2 dependence in the form factors F 1 and G 1 ; iv) predictions Γ 0 are total results without radiative corrections. For comparison we present the results of a pure SU(3) fit where we include only the F 1 and G 1 coupling constants omitting the q 2 dependence of F 1 an G 1 form factors and subleading form factors F 2,3 and G 2, 3 . The values of F 1 and G 1 are given by the Cabibbo model [2] where G 1 is expressed in terms of the SU(3) couplings F and D. We fix F and D via F = 0.470 and D = 0.800. One can observe that the contribution of the subleading coupling constants F 2,3 and G 2,3 to the semileptonic decay width of the baryon octet is negligible. On the other hand, inclusion of q 2 dependence of the leading form factors F 1 and G 1 makes a significant difference for the Λ → p, Σ → n and Ξ → Λ decay modes. As stressed above, this q 2 dependence inclusion substantially improves agreement with the data for both decays Σ − → n l −ν l (l = e, µ). Specifically, the q 2 dependence yields a contribution of 0.78 × 10 6 s −1 (12%) to the decay width of Σ − → ne As mentioned earlier, we include the momentum dependence of the F 1 (q 2 ) and G 1 (q 2 ) form factors up to first order in q 2 . The slopes for F 1 and G 1 form factors calculated in our approach are found to be:
These predictions for the radii of the F 1 and G 1 form factors are consistent both with data and with the results of alternative theoretical approaches. In particular, the electroproduction and the neutrino experiments which involve d → u transitions are well fitted using dipole formulas which give r 2 , respectively (see discussion in [29, 38] ). For example, the authors of [30] find slopes of r 2 F1 = 0.42 fm 2 and r 2 G1 = 0.23 fm 2 for the Ξ → Σ transition using a generalized vector dominance ansatz for the form factors. In Refs. [34, 39] the F 1 form factor radii have been calculated in the framework of ChPT and of the χQSM model. Our results are in qualitative agreement with the full covariant result of ChPT [39] , while the χQSM approach [34] gives somewhat higher values for the corresponding slopes:
We do not include the q 2 dependence of the F 1 form factor in the Σ → Λ transition, since it vanishes on account of the assumed degeneracy of the u and d quark masses.
Our approach generates a very reasonable description of the baryon semileptonic data with only two parametersthe axial couplings g [8, 11] . Also, the same set of parameters (m u = m d , m s , Λ B ) has been successfully used in the analysis of strong, electromagnetic and weak decays of charm and bottom baryons with light baryons in the final state [8] . In Table 11 we present the decay rates of hyperons divided by the squared CKM matrix elements in order to remove the uncertainty related to the values of V ud and V us . Finally, in Table 12 we display the predictions for the asymmetry parameters in the electron modes.
V. SUMMARY
In this paper we have analyzed the semileptonic decay properties (coupling constants, decay widths and asymmetry parameters) of the baryon octet using a manifestly Lorentz covariant quark approach including chiral and SU(3) symmetry breaking effects.
Our main results are summarized as follows: -We have derived results for the six couplings governing the semileptonic decays of the baryon octet, revealing both chiral and SU(3) symmetry-breaking corrections; -We presented a numerical analysis of the decay rates and asymmetry parameters in the semileptonic decays of the baryon octet.
Our results provide a generally improved representation of hyperon semileptonic decay over the conventional SU(3)-symmetric (Cabibbo) analysis. We hope that the results of this paper can be used to reliably extract a value of the CKM matrix element V us from semileptonic hyperon decay data along the lines of [2] . (1 + 3g
Here δf 
is the SU(3) symmetric term, and δf 
The coupling f su 2 is given by
Here, for convenience, we define the so-called SU (3) starts at the first order in SU(3) breaking:
is the SU(3) symmetric term, δg du 1 and δg su 1 are the SU(3) breaking terms. Let us display the first-order terms: 
The SU(3) LEC's are fixed by: C 
predicted by ChPT [24, 25] and the value of the pion-nucleon coupling constant g πN = 13.10.
APPENDIX B: THREE-QUARK BARYON CURRENTS AND FIERZ IDENTITIES
In this Appendix we specify the baryonic currents used in the main text following the approach of [14, 15] . The three-quark currents of the baryon octet are (we restrict ourselves to the so-called vector currents obtained in the SU(3) limit and without inclusion of terms with derivatives):
where C = γ 0 γ 2 is the charge conjugation matrix. When generating matrix elements it is convenient to use Fierz transformations and corresponding identities in order to interchange the quark fields. First we specify five possible spin structures J αβ,ρσ = Γ
ρσ defining the Fierz transformation of the baryon currents:
The Fierz transformation of the structures J = {P, S, A, V, T } read
Viewing the Fierz transformation in terms of a Fierz matrix F one can check that F 2 = 1. Using Eqs. (B3) one can derive useful identities
The symbol˜is used to denote Fierz-transformed matrices according toJ ασ,ρβ = Γ ασ 1 ⊗ (CΓ 2 ) ρβ where α, β, ρ and σ are Dirac indices.
APPENDIX C: GAUGING AND MATRIX ELEMENTS OF THE
In this section we discuss the issue of gauge invariance in the context of the calculation of the baryonic matrix elements
. The nonlocal structure of the strong interaction Lagrangian leads to the breaking of local symmetries, which can be restored using minimal substitution. In our approach we use an equivalent method suggested by Mandelstam [18] based on multiplying the quark fields with path-ordered exponentials-gauge exponentials. As a result of gauging the strong interaction Lagrangian (15) the conventional triangle diagram in Fig.2a has to be supplemented by the two additional diagrams in Figs.2b and 2c . In our previous papers we have concentrated on electromagnetic processes. For the present application we extend this procedure to the electroweak interactions. Following Terning [19] we can show that the Mandelstam method is equivalent to minimal substitution. Introducing the doublet of left fermions, L, (without specifying the number of generations), the free Lagrangian (kinetic term) for L is:
. By analogy, the Mandelstam method works for the right singlet fields R
We employ the standard notation: 
where θ W is the Weinberg angle which relates the electromagnetic coupling constant e and the couplings g W and g
In the case of the strong baryon-three-quark interaction Lagrangian it is not necessary to rewrite the Lagrangian in terms of left quark doublets and right singlets. Instead we merely substitute each quark field q by its left-handed q L = (1 − γ 5 )q/2 and right-handed q R = (1 + γ 5 )q/2 components. Then we proceed with the gauging of the theory. We only need to know the gauging for the quarks of specific flavor and handedness-e.g., for the left-handed u L , d L and s L and the right-handed q R = u R , d R and s R quarks the gauging is
where (ij) are pairs of flavor indices. The mixed left-handed quark fields are defined as:
In the derivation of Eqs. (C5b) and (C5c) we have used the unitarity condition k V ik V † jk = δ ij for the CKM matrix elements, which leads to the useful identities:
In the present manuscript we restrict our considerations to semileptonic processes (i.e., processes with a single intermediate off-shell charged weak gauge boson W ± ). Therefore, we expand the gauge exponentials and keep only the term linear in W ± which gives a correction to the weak current (in addition to the standard term which comes from the gauging of the free quark Lagrangian). This is a rather important point. The use of nonlocal Lagrangians automatically requires an extension of the conventional currents dictated by the local symmetries. In addition we have an extra piece from "gauging" the strong Lagrangian which contains derivatives acting on quark fields.
For illustration we derive the weak current which governs the n → pW − transition. The first contribution comes from "gauging" the free Lagrangian:
To derive the contribution due to "gauging" the strong interaction Lagrangian we take the three-quark currents of the proton and neutron and proceed as follows:
• We express the quark fields in terms of left-and right-handed fields. One obtains:
• We perform the gauging using the master formulas (C5) and after some simple algebra we derive the "nonlocal" contributions to the weak current associated with the d → u flavor exchange:
Using the Fierz transformation (see Appendix B) the Lagrangian L weak np
can be written in a more convenient form
• We remind the reader that the function F (x, x 1 , x 2 , x 3 ) is related to the scalar part of the Bethe-Salpeter amplitude and characterizes the finite size of the baryon. We use a particular form for the vertex function defined in Eq. (17).
• The current J Fig.1 ). By analogy one can derive the currents which govern the other six modes.
• A crucial check of our gauging procedure is to check the vector and axial-vector Ward-Takahashi identities (WTI) involving matrix elements of the n → pW − transition. In general, for an off-shell neutron and proton with momentum p and p ′ , respectively, and the momentum transfer q = p ′ − p, it is convenient to write down the corresponding weak matrix elements associated with the vector and axial vector current in the form (here and in the following we omit the weak coupling g and the CKM matrices in the matrix elements):
and
Here, Λ
are the contributions to the vector and axial vector matrix elements orthogonal to the W -boson (or leptonic pair) momenta; Σ N (p) is the nucleon mass operator and Λ P (p, p ′ ) is the pseudoscalar nucleon vertex function.
Then, the vector and axial vector WTI are satisfied according to
In our derivation we have made use of the quark-level identities
which lead to the vector and axial vector WTI on the quark level:
We have introduced the notation Γ ⊥ µ = Γ ν (g µν − q µ q ν /q 2 ) for the so-called Dirac matrices orthogonal to the transverse momentum q. All three diagrams contribute to Λ
Here
The expressions for Σ N (p) and Λ P (p, p ′ ) are given by
We have used the notations from our paper on magnetic moments of heavy baryons [9] :
By analogy one can derive the matrix elements B(p ′ )| V coupling constants g Bi = g B (m Bi , m 1i ) and g Bj = g B (m Bj , m 1j ), the Clebsch-Gordan coefficients C BiBj V and the structure integral I BiBj = I(m Bi , m Bj , m 1i , m 1j ), according to the contributions from the diagrams in Fig.2 :
where m i = m s and m j = m are the masses of strange and nonstrange quarks. In the above formulae we do not display the dependence on the spectator quark masses m 2 and m 3 . Note that the coupling constant g Bi is related to the structure integral I BiBj as g 2 Bi = 1/I BiBi . Next, using the transformation of the matrix element M BiBj µ, V (p, p) under hermitian conjugation
we deduce the condition I BiBj = I Bj Bi which means that the structure integral I(m Bi , m Bj , m 1i , m 1j ) is symmetric under the transformations m Bi ↔ m Bj , m 1i ↔ m 1j :
Using the latter constraint, we express the structure integral I BiBj through the coupling constants g Bi and g Bj , i.e. one has
where the parameters δ BiBj = m Bi − m Bj = O(δ) and δ ij = m 1i − m 1j = O(δ) are of first order in SU(3) breaking. Using the expansion (E6) we then obtain
Finally, expanding g Bi /g Bj + g Bj /g Bi in terms of the difference
we prove the Ademollo-Gatto theorem 
